I. INTRODUCTION

B
ANDPASS filters are essential components in communications systems. The rapid growth of wireless and mobile communications has placed an increasing demand for new technologies to meet the challenge in meeting size, performance, and cost requirements. For this purpose, there has recently been increasing interest in multilayer bandpass filters [1] - [7] . Multilayer filter technology also provides another dimension in the flexible design and integration of other microwave components, circuits, and subsystems. The reported multilayer bandpass filters may be divided into two main categories. The first category of the multilayer bandpass filters may be composed of various coupled-line resonators that are located at different layers without any ground plane inserted between the adjacent layers, as described in [1] - [4] . In contrast, the second category of the multilayer bandpass filters utilizes aperture couplings on the common ground between the layers [5] - [6] . While the first category of the filters seems to be more suitable for wide-band applications because stronger couplings are easier to be realized, the second category of the filters would be more suitable for narrow-band applications.
The multilayer bandpass filters developed in [5] and [6] are based on the aperture-coupled dual-mode microstrip or stripline resonators and the aperture-coupled quarter- wavelength microstrip line resonators, respectively. However, it has been pointed out in [5] that the multilayered dual-mode microstrip configuration has a disadvantage as compared to the multilayered stripline in that it is more difficult to extend the concept for filters with more than four poles, while the aperture-coupled quarter-wavelength microstrip-line resonator filter requires a perfect grounding for each resonator. If the grounding is nonperfect, it can cause extra conductor losses, resulting in a lower unloaded quality factor of the resonator. Furthermore, the grounding of microstrip resonators may not be convenient for some fabrication technologies, such as the high-temperature superconducting (HTS) thin-film technology. To overcome these problems and to offer an alternative filter design, in this paper, a new class of aperturecoupled multilayer microstrip bandpass filters is introduced. The configuration of the proposed filter is shown in Fig. 1 . The new filter configuration consists of two arrays of microstrip open-loop resonators that are located on the outer sides of two dielectric substrates with a common ground plane in between. Apertures on the ground plane are introduced to couple the resonators between the two resonator arrays. Depending on the arrangement of the apertures, different filtering characteristics can easily be realized.
To design the new class of filters, it requires the knowledge of mutual couplings between coupled microstrip open-loop resonators. The couplings of the open-loop resonators on the single layer of substrate have been investigated [8] . The coupling coefficients presented in [5] and [6] 
II. APERTURE COUPLINGS
The two types of aperture couplings that are normally encountered in the design of the proposed filters have been investigated. Fig. 2 shows the structures for the investigation, where is the substrate thickness, , , and are the dimensions of microstrip open-loop resonator, and and are the dimensions of aperture on the common ground plane. In Fig. 2(a) , the aperture is centered at a position where the magnetic field is strongest for the fundamental resonant mode of the pair of microstrip open-loop resonators on both sides. Hence, the resultant coupling is the magnetic coupling and the aperture may be referred to as the magnetic aperture. In Fig. 2(b) , the aperture is centered at a position where the electric field is strongest and, thus, the resultant coupling is the electric coupling and the aperture may be referred to as the electric aperture.
It has been known that the coupling coefficient of two coupled resonators may be extracted from the information of resonant-mode splitting [8] . To obtain this information, we used a full-wave EM simulator [9] to simulate the resonant frequency responses of the two aperture-coupled resonator structures of Fig. 2 . Some typical simulated results are shown in Fig. 3 , where the frequency axis is normalized to the resonator frequency for a zero aperture size. Two split resonantmode frequencies are easily identified by the two resonant peaks. The larger the aperture size, the wider the separation of the two modes, indicating the stronger the coupling. However, it is noticeable that the high-mode frequency of the magnetic coupling and the low-mode frequency of the electric coupling remain unchanged regardless of the aperture size or coupling strength. This situation is different from that observed in the coupled microstrip open-loop resonators on the single layer [8] , where the two resonant-mode frequencies are always changed against coupling strength. It has been found that the difference is due to the effect of the coupling aperture on the resonant frequency of uncoupled resonators. With an aperture on the ground plane, the resonator inductance increases, whereas the resonator capacitance decreases as the aperture size is increased. Therefore, one would expect that the resonant frequency of microstrip open-loop resonators is either decreased against the magnetic aperture or increased against the electric aperture. This is verified by the full-wave EM simulation shown in Fig. 4 .
In order to extract coupling coefficients of the aperturecoupled resonators, two equivalent circuits that are valid on a narrow-band basis are proposed in Fig. 5 , where and are the self-inductance and self-capacitance, and and represent the mutual inductance and mutual capacitance. A notable thing is that the self-inductance in the magnetic coupling circuit is defined by , with representing the resonator inductance without the coupling aperture. On the other hand, the self-capacitance in the electric coupling circuit is defined by , with representing the resonator capacitance when the coupling aperture is not present. They are defined so as to account for the aperture effect. Now, if the symmetry plane -in Fig. 5(a) is subsequently replaced by an electric and magnetic wall, we can obtain the following resonant-mode frequencies:
As can be seen, the high-mode frequency is independent of coupling and the low-mode frequency decreases as or the coupling is increased. These two resonant frequencies correspond with those observable from the full-wave EM simulation in Fig. 3(a) , and the magnetic coupling coefficient can be extracted by (2) Similarly, if we replace the symmetry plane -in Fig. 5(b) with an electric and magnetic wall, we subsequently obtain the following resonant-mode frequencies: (3) In this case, the high-mode frequency is increased with an increase of or the coupling, while the low-mode frequency is kept unchanged as what we observed in the full-wave simulation in Fig. 3(b) . The electric coupling coefficient is then extracted by (4) the resonator frequency for a zero aperture size. With the same size of the aperture, the magnetic coupling is stronger than the electric coupling. Both the couplings increase as the aperture sizes are increased. However, when the aperture sizes are increased, with the magnetic aperture decreases whereas with the electric aperture increases. This must be taken into account in the filter design. To compensate frequency shifting, we found that a more particle way is to adjust the opengap dimension of the open-loop resonators in Fig. 2 . This is because that changing the open-gap hardly changes the couplings, yet tunes the frequency very efficiently, as indicated by the simulated results in Fig. 7 . It should be mentioned that to show the tuning effect, , plotted in Fig. 7 , is the frequency that normalized to a common normal frequency for mm. As can be seen when the open gap is reduced from 1.0 to 0.5 mm, the frequency shifts approximately 1.4%. This amount of frequency shifting would be more than adequate to compensate the frequency shifting due to different aperture sizes. The frequency shifting resulting from the change of also seems quite constant over the given range of aperture sizes, and is much the same for both the magnetic and electric couplings. All this makes the frequency tuning much simpler.
III. EXPERIMENTAL FILTERS
In order to demonstrate the feasibility and capability of the proposed multilayer bandpass filters, three experimental fourpole bandpass filters having different filtering characteristics have been designed, fabricated, and tested. All the filters have a fractional bandwidth of 4.146% at a center frequency of 965 MHz. The first filter was designed to have a Chebyshev response having the following coupling matrix: and an external quality factor of 22.5045. A single magnetic aperture coupling as described above was used to realize . The second filter was designed to have an elliptic function response having the coupling matrix (6) and an external quality factor of 23.0221, in addition to a magnetic aperture coupling for . In this case, an extra electric aperture coupling was utilized to realize . The third filter was designed to have a linear with an external quality factor of 22.5045. Note that the cross coupling is positive as compared with the negative one for the above elliptic function filter. Thus, both and were realized using the magnetic aperture couplings. It should be mentioned that the coupling matrices could be obtained using the synthesis method described in [10] . The theoretical responses of filters were calculated based on the coupling matrices given above. For comparison, the theoretical responses of the three experimental filters are plotted together in Fig. 8 , showing distinguishable filtering characteristics that are demanded for different applications.
The filters were fabricated using copper metallization on RT/Duroid substrates with a relative dielectric constant of 10.8 and a thickness of 1.27 mm. Fig. 9 is a photograph of a fourpole experimental filter, where only two microstrip open-loop resonators on the top layer are observable. The dimensions of the resonators were mm, mm. It should be mentioned that except for a difference in arranging apertures in a common ground plane, the three filters have a very similar outlook. The designed Chebyshev filter used only a single magnetic aperture with a size of mm and mm. For the elliptic function filter, both magnetic and electric apertures were used, having sizes of 4.5 mm 2.55 mm and 4.0 mm 2.55 mm, respectively. While the linear phase filters used two magnetic apertures of 4.0 mm 2.4 mm and 4.0 mm 1.3 mm.
The fabricated filters were measured using an HP8510 network analyzer. The measured filter responses are plotted in Figs. 10-12 . In general, good filter performance has been achieved from this single iteration of design and fabrication. In Fig. 10 , the measured minimum passband insertion loss for the Chebyshev filter was approximately 2.3 dB. This loss is expected mainly due to conductor loss. The measured bandwidth was slightly wider, which would be attributed to stronger couplings. The measured elliptic function filter in Fig. 11 showed the two desirable transmission zeros. However, it exhibited an asymmetrical frequency response. This is most likely to have been caused by frequency-dependent couplings, especially the cross coupling of . The minimum passband insertion loss for this filter was also measured to be 2.3 dB. Fig. 12 shows the measured performance of the linear phase filter. The measured minimum passband insertion loss was approximately 2.6 dB. The loss is slightly higher than that of the previous two filters, which is expected from the calculated performance in Fig. 8 . The measured filter did show a linear group delay in the passband, but it also showed an asymmetrical frequency response. The latter was again attributed to the frequency-dependent couplings.
IV. FREQUENCY-DEPENDENT COUPLINGS
As has been mentioned above, the asymmetric frequency responses observed in the filter measurements could be attributed to the frequency-dependent couplings. To improve the filter performance, this issue must be considered. We have done some investigation and the results are presented as follows. Fig. 13 shows the magnetic-field distribution around a magnetic coupling aperture, which was obtained using the fullwave EM simulation. The two plots in Fig. 13 were taken at the two frequencies evenly apart from the filter midband frequency, denoted by the two normalized frequencies that are normalized to the midband frequency. It can clearly be seen from the field distribution that the magnetic field is stronger at the lower frequency. Hence, it would be expected that the magnetic coupling is stronger when the frequency is lower. We might assume that the magnetic aperture coupling varies against , where denotes the midband frequency and the augment is a fitting parameter. It should be emphasized that this assumed frequency-dependent coupling model is valid on a narrow-band basis. To prove this model, we carried out circuit analysis of the linear phase filter that employed two magnetic coupling apertures. The predicted response is illustrated in Fig. 14 . Evidently, for , the predicted response is much alike to the measured one in Fig. 12 .
Similarly, we simulated the electric-field distribution around an electric coupling aperture at two frequencies evenly apart from the midband frequency, and the results are shown in Fig. 15 . Contrary to the magnetic distribution in Fig. 13 , the electric field exhibits a stronger distribution at the higher frequency. On this ground, we would expect that the electric aperture coupling increases against frequency and, thus, we might assume that the electric coupling has a frequency dependence of . This model was tested together with the above model for frequency-dependent magnetic coupling in a circuit of the experimental elliptic function filter that employed both the electric and magnetic coupling apertures. The predicted filter response is depicted in Fig. 16 , showing that the asymmetric response becomes worse as the fitting parameter is increased. As compared with the filter measurement in Fig. 11 , it seems that the predicted response for shows a better match of the measured one. It can also be shown that, among all couplings, the frequencydependent cross coupling is more responsible for the asym- metric frequency response of the filter. We found that the filter asymmetric response could be much improved just by offsetting the electric coupling aperture along the open-gap arm of the microstrip open-loop resonator. This is because the electric-field distribution is not only nonuniform along the open-gap arm, but also opposite in the strength at the higher and lower rejection frequencies. Therefore, offsetting the coupling aperture in space to enhance the coupling at the lower frequency would somewhat balance the frequencydependent coupling. This approach was confirmed by the full-wave simulation of a modified elliptic function filter having an offset electric aperture of 4.0 mm 1.5 mm with 0.5-mm offset in the -direction. The simulated results are shown in Fig. 17 , demonstrating a much more symmetric frequency response of the modified filter.
V. CONCLUSION
We have presented the investigation of two types of aperture-coupled microstrip open-loop resonators in a multilayer configuration. These two coupling structures are essential components for a new class of compact microstrip bandpass filters. The theory and method for extracting the coupling coefficients for filter design have been developed. The fullwave EM modeling of the aperture couplings has been described. Depending on the arrangement of the apertures, different filtering characteristics can easily be realized by the proposed filters. For demonstration, three four-pole bandpass filters of this type with Chebyshev, elliptic function, and linear phase responses, respectively, have been designed, fabricated, and tested. The measured results together with the theoretical ones have been presented. The issue of frequency-dependent couplings has been addressed. It has been shown that the new class of filters hold promise for wireless and mobile communications applications. The new filter configuration is also attractive for HTS thin-film implementation.
